Resistance to warfarin and an increased vitamin K requirement appear to be pleiotropic effects of the same allele (Rw 2). In a natural population containing resistant individuals where the use of warfarin is discouraged the change in the frequency of resistance should reflect the relative fitnesses of the three possible genotypes.
A large polymorphic population of rats was extensively poisoned with warfarin and the level of resistance monitored regularly for a period of 18 months after withdrawal of the poison. During this period the proportion of resistant animals in live-capture samples decreased significantly from approxi-. mately 80 per cent to 33 per cent. This decline is consistent with a hypothesis of reduced fitness of both RwZRw2 and Rw'Rw2 genotypes relative to Rw'Rw' under natural conditions. The relative fitnesses of these genotypes were calculated using an optimisation method based on least squares analysis. These estimates were: Rw2Rw2 (0.46), Rw'Rw2 (077) and Rw1Rw' (100).
Homozygous resistant individuals were found in some of the samples, confirmlog that the Rw2 allele does not act as a recessive lethal, although it must be extremely disadvantageous.
Some heterogeneity was observed in the proportion of resistant animals in samples taken from different areas of the farm building complex. This could reflect stochastic processes influencing the Rw2 allele frequency in small peripheral populations.
INTRODUCTION
THE anticoagulant rodenticide warfarin was introduced into Britain in 1953 (Greaves, 1971 . The poison was used extensively to control rats and mice and was so successful that by 1961 half of the local authorities in England and Wales were using only warfarin in their rodent control programmes (Drummond, 1970) . Inevitably rodent populations evolved genetically determined resistance to its effects. Resistance was found in brown rat populations from Scotland in 1958 and the English-Welsh border region in 1959.
Resistance is a dominant character controlled by a single autosomal gene Rw2, Rw' being the normal susceptible allele (Greaves and Ayres, 1967) . The Scottish and Welsh resistance phenotypes appear to differ in that the former shows incomplete penetrance in the heterozygote, while the latter is a completely dominant trait. The two forms of resistance may be due to different alleles at the same locus (Greaves and Ayres, 1976) .
Hermodson, Suttie and Link (1969) found that, compared to susceptible animals, homozygous and heterozygous resistant rats had a twenty-fold and trait (Dunning and Curtis, 1939; Greaves and Ayres, 1969) . It seems, therefore, that resistance to warfarin and an increased vitamin K requirement are pleiotropic effects of the same gene.
F2 matings of brown rats in the laboratory produced a deficiency of resistant male progeny, which could have been due to selective death of the Rw2Rw2 genotype (Bishop, Hartley and Partridge, 1977 In a natural population of resistant rats subjected to selection with warfarin, most animals would be expected to be heterozygotes, the segregating homozygotes of both types being eliminated. If warfarin is witheld the decline in the proportion of resistant animals should reflect the relative fitnesses of the three genotypes. This simplistic model can only be applied to a field situation when something is known of the population dynamics of the rats. The present paper attempts to estimate the relative fitnesses of the three possible genotypes of the Rw allele in a population containing resistant rats whose ecology is at least partially known (Bishop and Hartley, 1976; Hartley, 1977) .
METHODS
The population of rats investigated, which at the outset contained about 500 individuals, was within the building complex of a mixed poultry and dairy farm (Upper Min-y-llyn) near Welshpool, Powys. The relationship between this farm-building population and the surrounding hedgerow populations has been described elsewhere (Bishop and Hartley, 1976 ).
My experiment raised the level of phenotypic resistance by poisoning the building population with warfarin baits in April and June 1976. No bait trays were positioned in the surrounding hedgerows where rats were known to be present. The proportion of resistant rats was then observed in samples subsequently taken from the population at regular intervals from September 1976 to April 1978. The use of warfarin for rodent control was discouraged throughout this period. Prior to warfarin poisoning the level of resistance was determined in a live-capture sample of rats from the buildings. These and all subsequent animals were phenotyped by the vitamin K oxide/ warfarin injection method (Bishop et al., 1977) . The genotypes of resistant animals in several samples were determined by the method of Greaves, Redfern, Ayres and Gill (1977) . This method was tested independently at Liverpool, and gave adequate separation of the Rw2Rw2 and Rw1Rw2 genotypes (Partridge, 1978) . On each sampling occasion approximately 30 traps were set for three consecutive nights. Multiple capture traps were set in areas of high rat infestation. All animals were weighed, sexed and marked on capture (Bishop and Hartley, 1976) and on return to the laboratory they were acclimatised for at least 3 weeks before being phenotyped. One week later the genotypes of resistant animals were determined.
3. RESULTS Table I An examination of the age structure of animals caught in the samples from June 1976 to August 1977 revealed that the population bred throughout the period. This contrasts with the surrounding hedgerow populations which undergo periods of reproductive quiescence (Bishop and Hartley, 1976) .
There is significant heterogeneity in the proportion of phenotypic resistance over the sampling periods from November 1976 to April 1978 (table 1) . There was a consistent decline in resistance over this 18-month period, from a high level (80-100 per cent) to a much lower level (around 33 per cent). The data were re-assigned according to the age structure of individuaL samples as this was more suitable to the discrete generation model which was used to estimate selection coefficients.
Young male and female wild brown rats increase in weight by approximatley 61 g and 52 g/month respectively (Bishop and Hartley, 1976) . Animals in a sample weighing more than 200 g could therefore be reassigned to the preceding sampling period, which was usually 3 months earlier.
No animals were re-assigned beyond the preceding trapping period. Movements of hedgerow rats into the farm buildings were negligible (Bishop and Hartley, 1976; Hartley, 1977) and consequently immigration was unlikely to affect re-assignment of the data. Similarly, old animals losing weight before death (Bishop and Hartley, 1976, p. 630) were unlikely to be mis-classified as they were easily recognised by their poor body condition. Breeding studies indicated that selection against Rw2Rw2 animals takes place from birth to at least 8 weeks of age (Bishop et al., 1977) . It is possible therefore that immature homozygous resistant rats could be lost from the population before reaching maturity (<200 g). This was tested by comparing the frequency of the Rw2Rw2 genotype in the mature (>200 g) and immature (200 g) weight groups, for each sample. between the sex/weight groups. This implies, in contradiction to the laboratory studies (Bishop et al., 1977) , that any selection against the Rw2Rw2 genotype under natural conditions is over before animals reach the trappable population (around 50 g body weight). This could be because the natural environment selects more vigorously against suckling animals (<50 g) than does the animal house environment. Table 3 compares the original and re-assigned data. The December 1977 and April 1978 samples were not weighed on capture and no attempt has been made therefore to re-assign rats from these samples. Clearly the only major difference between the original and re-assigned estimates is for November 1976 (100 per cent versus 80 per cent). The latter figure is likely to be more realistic because it will be virtually impossible to kill all susceptible individuals in a large population using a standard poison treatment.
The complete re-assigned data (table 3, November 1976 to April 1978) were analysed by an optimisation computer program written by Dr R. D.
White which had been designed to deal with similar data for sheep blowflies resistant to insecticide (White, 1978) . The optimisation procedure derives the best-fitting curve to the observed resistance phenotype frequency change by least squares analysis (Colquhoun, 1971, pp. 259-266) . The fitness of both homozygotes relative to the heterozygote was iteratively adjusted by the optimisation routine so as to minimise the sum of squared deviations of the observed results from the fitted line. The population was assumed to be in Hardy-Weinberg equilibrium by November 1976 because there was time for breeding between poisoning in June and the first large sample in November. The fitness values obtained for the three genotypes were: RwSRw2 (0.5980), Rw1Rw1 (1.2945) and Rw1Rw2 (assumed 1 .0000). Re-calculating these fitness values relative to the Rw'Rw' genotype gives relative fitness estimates of Rw1Rw1 (1 00), Rw1Rw2 (0.77) and Rw2Rw2 (046).
Trapping records showed that certain areas of the farm buildings supported much larger rat populations than others. The farm-building complex was therefore approximately divided into six areas, according to their level of infestation. Two main criteria were used in this subdivision. Firstly, the frequency of captures in relation to "trap opportunities" and secondly, the spatial relationships between known foci of rat activity, i.e. the main food sources and buildings. In drawing these areas it is not implied that a population substructure exists; its main function is to subjectively divide the population and to compare the level of resistance from month to month within each area. Table 4 shows the levels of infestation in the six designated areas. Most Not re-assignable areas appeared to have high levels of resistance by November 1976, following the second extensive warfarin treatment 5 months earlier. Thereafter the proportion of resistant animals in samples from all areas tended to decline. However, by August 1977 there is some apparent heterogeneity between the resistance levels in the large (II and III) and small (I, IV, V, VI) populations. Changes in the proportion of resistant animals in large populations should reflect natural selective processes. Peripheral populations, however, which fluctuate in size will be influenced by stochastic processes. Area V, for example, did not appear to support a large population of rats from September 1976 to February 1977. The low level of resistance found in May and August 1977 (compared to areas II and III) could therefore be due to colonisation of the area by susceptible animals. The heterogeneity observed, whether real or a sampling artifact, illustrates that care must be taken when assigning selective values for the genotypes in natural populations. If the measured level of resistance was biased by nonselective effects then the calculated coefficients of selection would be subject to error. Areas II and III: x = 0718; P = n.s. Area II and the peripheral areas: = 0524; P = n.s. Area III and the peripheral areas: x = 5052; P<005.
Discussxo
We were assured by the farmer that warfarin poison was not used during the sampling period and the results are consistent with this hypothesis. Difenacoum anticoagulant was used by the farmer in an abortive attempt to control rat numbers prior to the sample being taken in April 1978.
Difenacoum is active against both warfarin resistant and susceptible animals, but its toxicity to the resistant animal is only half of that to the susceptibles (Hadler, Redfern and Rowe, 1975) . After an inadequate treatment with this substance the level of resistance in the population in April 1978 could have been higher than anticipated.
The decline in the frequency of resistance observed in the Upper Min-yilyn farm buildings after withdrawal of warfarin supports the findings of other workers. Greaves et al. (1977) describe a study in which the level of resistance was compared between two areas in mid-Wales. Farmers in one relatively isolated valley were encouraged to avoid the use of anticoagulant poisons, while no such encouragement was given in the other areas. After problems of" illicit" selection with anticoagulants had been overcome the percentage of resistant rats in samples from the controlled valley decreased significantly over the next 2 years (from 57 per cent to 47 per cent to 39 per cent). In the uncontrolled areas the percentage of resistant animals fluctuated around a mean of 44 per cent, changes between years being insignificant.
Relative fitness estimates for the three genotypes in the uncontrolled areas were: Rw2Rw2 (037), Rw1Rw' (0.68) and Rw'Rw2 (assumed 1.00).
The present study has the advantage that it was confined to an infestation of a single building complex whose relationships to smaller outlying hedgerow populations had already been determined (Bishop and Hartley, 1976, Hartley, 1977) . The Welsh valleys experiment (Greaves et al., 1977) measured an overall response from a heterogeneous sample of populations of various sizes in different environments. This situation is therefore analogous to lumping the differences observed in resistance level between the hedgerow and building populations at Upper Min-y-llyn. The disparity in resistance level observed in these adjacent populations could be due to different dynamic processes operating within them (Bishop et al., 1977) .
The detection of homozygous resistant individuals in the natural population (table 2) confirms that the Rw2 allele does not act as a recessive lethal. This agrees with the data of Greaves et al. (1977) who also found Rw2Rw2 individuals in their wild-caught samples. There was no significant difference in the proportion of homozygous resistant animals of each sex (table 2) . Clearly therefore any sex differences in the viability of the Rw2Rw2 genotype are not marked under natural conditions. This contrasts with laboratory studies (Bishop et al., 1977) which had indicated that selection against
